The main objective of this investigation is to obtain an optimum value for the flue gas recirculation ratio in a 620 MW-Natural Gas Combined Cycle (NGCC) power plant with a 100% excess air in order to have a composition of the exhaust gas suitable for an effective absorption by amine solutions. To reach this goal, the recirculated flue gas is added to the secondary air (dilution air) used for cooling the turbine. The originality of this work is that the optimum value of a Flue Gas Recirculation (FGR) ratio of 0.42 is obtained from the change of the slope related to the effects of flue gas recirculation ratio on the molar percentage of oxygen in the exhaust gas. Compared to the NGCC power plant without flue gas recirculation, the molar percentage of carbon dioxide in the flue gas increases from 5% to 9.2% and the molar percentage of oxygen decreases from 10.9% to 3.5%. Since energy efficiency is the key parameter of energy conversion systems, the impact of the flue gas recirculation on the different energy inputs and outputs and the overall efficiency of the power plant are also investigated. It is found the positive effects of the flue gas recirculation on the electricity produced by the steam turbine generator (STG) are more important than its cooling effects on the power output of the combustion turbine generator (CTG). The flue gas recirculation has no effects on the water pump of the steam cycle and the increase of energy consumed by the compressor of flue gas is compensated by the decrease of energy consumed by the compressor of fresh air. Based on the Low heating value (LHV) of the natural gas, the flue gas recirculation increases the overall efficiency of the power plant by 1.1% from 57.5% from to 58.2%.
Introduction
Global climate change is arguably the most challenging environmental problem the world will be facing in coming decades and centuries. The main source of global warming is the electricity production that generates the largest share of greenhouse gas emissions as 67% of global electricity production comes from burning fossil fuels, mostly coal and natural gas [1] . The Carbon Capture & Storage (CCS) is included as an integral part of all climate change mitigation strategies proposed by the Intergovernmental Panel on Climate Change (IPCC) and International Energy Agency (IEA). CCS is a good and viable option for reducing CO 2 emissions because it can be implemented on a large scale. However, the high capital cost is often cited as a key barrier by the potential CCS developers and investors. According to some published data, 70% to 80% of the operating cost of a CCS plant is due to the large amount of energy needed during the capture of CO 2 from power generation plants using the available technologies [2] .
Gas-fired power plants with Carbon Capture and Storage (CCS) are expected to play a significant role to reduce carbon dioxide emissions from the power generation sector. Compared to coal or oil-fired CHP plants, CO 2 emissions from Natural Gas Combined Cycle (NGCC) technology are about 50% and 30% lower, respectively [3] . Moreover, natural gas (NG) is also preferred to the other heavier fuels because the environmental problems are minimized and the total cost of a Carbon Capture and Storage (CCS) is reduced by avoiding corrosion and other technical problems due to impurities (H 2 S, SO x , NO x , HCl …) in the captured CO 2 [4] . On the other side, in order to keep the temperatures in the gas turbine at permissible levels, the combustor has a typical overall excess air ratio (EAR) in the range 3 -3.5. As a result, flue gas has a molar percentage of CO 2 in flue gas of about 3% -3.5% [4] . However, for an effective CO 2 capture by amine solutions, it is recommended to obtain a molar percentage of CO 2 in the flue gas around 10 -15 [5] . Lower CO 2 concentrations in the flue gas require a leaner solvent loading to achieve an adequate "driving force" between the solvent and the flue gas stream for high levels of CO 2 capture. But leaner solvent loadings require a higher CO 2 removal from the solvent, which will increase the amount of energy utilized in the stripper and the cost of the CO 2 capture plant.
The corrosion and degradation of amine solutions caused by the presence of oxygen in the flue gas also cause economic, operational, and environmental problems. Literature review of the laboratory studies and pilot plant scale experiments clearly indicates that these solvents undergo, in presence of oxygen, both oxidative and thermal degradation [6] . According to Chakravarti et al. [7] , oxidative degradation of amine solutions occurs when the flue gases contain a molar concentration of oxygen of about 5%. As a consequence, flue gas from natural gas fired turbines will increase the operating cost of the CO 2 capture unit also because they contain higher concentrations of oxygen. High Flue Gas Recirculation (FGR) ratios are desirable because they increase the CO 2 concentration and decrease the O 2 concentration in the flue gas to be A. B. Al Hashmi et al. Open Journal of Energy Efficiency treated in the absorption unit. However, the combustion process sets a limit due to the corresponding reduction in O 2 concentration. Due to the importance of the recirculation rate on the overall performance of the CO 2 removal process, combustion studies are required in order to define the optimum achievable recirculation rate. The optimum value of FGR ratio will depend mainly on the properties of the combustible, the amount of excess air used and the turbine mechanical limitations.
The first part of this study is to simulate a Natural Gas Combined Cycle (NGCC) for a production of about 620 MW of electricity using the commercial software Aspen HysysV9.0 and the Soave-Redlich-Kwong (SRK) equation of state. Secondly, in order to reduce the cost of capturing CO 2 and minimize technical problems related to oxidative degradation of amine solution, optimum value of the flue gas recirculation ratio will be estimated by investigating the effects of the FGR ratio on the composition of carbon dioxide and oxygen in the flue gas. Based on the Optimum FGR ratio, the final objective of this study is to investigate the impact of flue gas recirculation on the different energy inputs and outputs of the power plant and on its overall efficiency. Based on the results of this investigation, the second part of this work is to simulate both a carbon dioxide absorption plant by amine solution followed by a carbon dioxide compression unit for a future enhanced oil recovery (EOR) project.
Methodology

Description of a Typical Natural Gas Combined Cycle Power Plant
As shown in Figure 1 , the simplified NGCC (Natural Gas Combined Cycle) 
Preliminary Calculations
The objective of the preliminary calculations is to determine 1) the amount of natural gas, 2) excess air and 3) the theoretical flue gas recirculation ratio in a natural gas combined cycle (NGCC) power plant in order to produce about 600 MW electricity.
Mass Flowrate of the Natural Gas
Fresh air at ambient temperature is first compressed to 3 MPa then mixed with natural gas (NG) in the combustor of the gas turbine. It is assumed that combustion is complete and all the carbons in NG convert to CO 2 . The average composition of the available natural gas is presented in Table 1 .
For the given mass composition, the average Low Heat Value (LHV) of the natural gas is equal to 46.7 MJ/kg (Aspen Hysys). Based on the LHV, the overall efficiency of NGCC is around 58% [9] . For a power plant producing 600 MW with an overall efficiency of 58%, the needed flow rate of the hydrocarbons of the available natural gas is 22.74 kg/s. The corresponding mass flow rate of the natural gas stream is equal to 23.81 kg/s. combustion. However, for a turbine using natural gas, 10% of excess air is normally added to the stoichiometric air for combustion [10] . Excess Air (EA) is expressed as a percentage increase over the stoichiometric requirement and is defined as;
It is sometimes convenient to use the Excess Air Ratio (EAR) defined as:
Using Equation (4) and for 10% excess air, the optimum value of the molar and the mass AFR are 10.89 and 18.60 respectively. The corresponding optimum mass flowrate of primary air for combustion only is 422.98 kg/s.
Optimum Values of Flue Gas Recirculation (FGR) Ratio
As shown in Figure 2 , primary air of the gas turbine is the main combustion air.
This air is mixed with fuel, and then combusted. Intermediate air is the air injected into the combustion zone. This air completes the reaction processes and Figure 2 . Different air flow paths in gas turbine [11] .
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DOI: 10.4236/ojee.2018.72003 38 Open Journal of Energy Efficiency cools down the combustion gases. Dilution air is injected at the end of the combustion chamber to help cool the air to before it reaches the turbine stages. In this study, it is assumed that the primary air (with excess air for combustion) includes both the primary air and intermediate air and the secondary air is the dilution air. The recirculated flue gas is added to the secondary air to be used for cooling the turbine.
A maximum value of the flue recirculation ratio is needed in order to respectively maximize the CO 2 concentration and minimize the O 2 concentration in the flue gas to be treated in the absorption unit. However, the stability of the flame and the efficiency of the combustion process are also key parameters to consider in order to fix the minimum amount of oxygen needed. For energy-efficient combustion process, the flame is supposed to operate within the stability limits yet with smallest possible fuel consumption. Air entrainment is usually used to provide partially premixed flames. Experiments conducted in a 65 kW combustor operating in a pre-mixed flame mode, indicates that the blow out limit (the point at which a premixed fuel and air mixture is unable to self-sustain) occurs with an oxygen concentration below 13 -14 vol% [12] . According to ElKady and co-workers, a higher minimum oxygen concentration of 16 -17 vol% is necessary for good combustion efficiency with acceptable low levels of CO [13] . It should also be noted that unburned methane is a vastly more potent greenhouse gas than carbon dioxide itself, and so gas discharged upstream of its end use adds significantly to the overall climate change impact of the fuel. In this study, Aspen HysysV9.0 and the Soave-Redlich Kwong (SRK) equation of state are first utilized in order to estimate the maximum value of FGR ratio for an excess air varying from 100% to 600%. Based on the preliminary calculations, Table 2 shows the corresponding values of the optimum FGR for EA (Excess Air) changing from 100% to 600%.
For the selected case study of an excess air of 100%, the corresponding mass AFR is equal to 33.82. Therefore, the needed amount of air for combustion and cooling is equal to 768.9 kg/s. (422.98 kg/s are used as primary air for combustion and 346.09 kg/s are used as secondary air for cooling.) This value corresponds to an optimum value of FGR ratio of 0.44.The relationship between the optimum FGR ratio and the excess air (EA) values is shown in Figure 3 . 
Simulation of the Effects of FGR Ratio on the Composition of Flue Gas
For an effective absorption by amine solutions, the molar percentage of CO 2 in the flue gas should be higher than 10%. In order to reduce technical problems linked to oxidative degradation of amine in the CO 2 capture plant, the percentage of O 2 in the flue gas should also be lower than 5%.The positive effects of Flue Gas Recirculation (FGR) on the composition the flue gas have also been in-
Akram et al. [5] studied the effects of recirculating part of flue gas in a 100 KW (plus 150 KW hot water) CHP gas turbine TurbecT100. Their preliminary results indicate that a recirculation ratio of 0.45 increased the molar percentage of CO 2 from 1.5% to 3.0% and the molar percentage of O 2 decreased from 18.2% to 16.0%. Their results show also that recycling part of the flue gas decreases NOx emissions by decreasing the flame temperature. Using a natural gas-fired power plant of 700 MW, the results presented by Bolland and Saether [2] show that, using a recirculation ratio of 0.4, the molar percentage of CO 2 increased from 3.3% to 5.5% and the molar percentage of O 2 decreased from 13.8% to 9.8%. To maintain high cycle efficiency, flue gas was cooled before reinjection in the combustor. Abu Zahra [14] used Aspen plus and the Peng-Robinson equation of state, to simulate the effect of flue gas recirculation in an IGCC power plant using a low-pressure gasifier. With all the other parameters of the gas turbine constant, the results indicated that the concentration of CO 2 increased from 7.3 (% mol.) to 14.0 (% mol.) with the increase of the flue gas recirculation ratio from 0% to 45%. Moreover, the concentration of O 2 decreased from 14.2 (% mol.) to 8.0 (% mol.) with the same increase of flue gas recirculation. This part of this investigation is to simulate the impact of flue gas recirculation ratio on its composition for a gas turbine with an excess air (EA) of 100%. First, the simulation results of the molar percentage of CO 2 in the flue gas are shown in Figure 4 .
As shown in Figure 4 , The Flue gas recirculation increases the molar percen- 
Process Description of the Simulated NGCC Power Plant
As shown in Figure 7 , a 600 MW-natural gas combined cycle (NGCC) with a flue gas recirculation ratio of 0.42 is simulated in this study. 23.81 kg/s of natural gas (CH 4 = 93% mol) is supposed to be available in a battery limit of the plant at nerator (HRSG), the flue gas is cooled from 67˚C to 40˚C in order to remove water in the separator V-100 and 42% of the flue gas is recycled. The pressure of the recycled gas will increase from 110 kPa to 3.1 MPa using three stages compressor with intercooling at 40˚C and mixed with secondary ambient air.
Simulation of the Effects of FGR Ratio on the Energies Streams of the Power Plant
The impact of the recirculation of flue gas on the power input or output of the different equipment of the power plant are investigated. The objective is to compare the performance of each equipment of the plant with flue gas recirculation ratio of 0.42 to its performance without flue gas recirculation.
Compressors
In this study, fresh air at15˚C (Design conditions) is compressed up to 3.1 MPa in three stages-compressor with intercooling at 40˚C. The pressure of the recycled gas is also increasing from 110 kPa to 3.1 MPa using three stages compressor with intercooling at 40˚C. An adiabatic efficiency of 85% is selected for both compressors [16] . The effects of the flue gas recirculation ratio on the energy consumption of the compressors of ambient air and flue gas are represented in Figure 8 .
As expected, the flue gas recirculation ratio increases the energy needed for the compression of the recycled flue gas and decreases the energy consumption of the compressor of ambient air. Because both compressors work under same operating conditions and the main component of flue gas and atmospheric air is nitrogen, the two slopes have similar values. According to the simulation results, flue gas recirculation has positive effects on the amount of heat available in the HRSG. For the optimum value of 0.42, the heat available in the heat recovery steam generator is 3.1% higher than heat available without flue gas recirculation. For the same temperature difference and the same mass flow rate, the positive effects of flue gas recirculation could be explained by the fact that flue gas has a specific mass heat capacity (1.124 kJ/kg•˚C)
higher than the specific mass heat capacity of air (1.01 kJ/kg•˚C).
Steam Turbine & Pump
The steam cycle contains High Pressure, Intermediate Pressure and Low pressure stages with two reheats. The adiabatic efficiency of the turbine, generator, and condensate pump are selected as 75%, 94%, 65% respectively [17] . The effects of the flue gas recirculation on the production of electricity by the steam turbine and the energy consumed by the pump are shown in Figure 10 .
In concordance with Figure 9 , Figure 10 indicates that flue gas recirculation has positive effects on the energy produced by the steam turbine. On the other Figure 9 . Effects of FGR ratio on the heat available in the HRSG. 
Gas Turbine
The net output of gas turbine increases with the temperature of the exhaust gas but it is limited by the metallurgical limitation for the gas turbine being utilized. The effects of Flue Gas Recirculation (FGR) ratio on the temperature of the exhaust gas leaving the combustor are therefore investigated and the simulation results are shown in Figure 11 . Figure 11 shows that the flue gas recirculation decreases linearly the temperature of the flue gas entering the gas turbine. However, recirculated flue gas has a temperature (215˚C) higher than the temperature of fresh air (190˚C). This cooling effect could also be explained by the fact that flue gas absorb more heat because its specific mass heat capacity (1.124 kJ/kg•˚C) is 11.3% higher than the specific mass heat capacity of fresh air (1.01 kJ/kg•˚C). In a gas turbine, the blades have a metallurgical limitation and the temperatures could vary from 800˚C to 1700˚C depending on their materials and whether or not they have cooling systems [10] . According to Figure 12 , The NGCC type is located between the D and F types with a flue gas temperature around 1300˚C.
Based on the information in Figure 12 , the temperature 1300˚C is therefore used in this study as the metallurgical limitation of the turbine. The effects of flue gas recirculation on the power generated by the gas turbine are shown in Figure 13 .
In concordance with Figure 11 , the FGR ratio decreased the power produced by the gas turbine. However, the relationship has two different slopes. At values of FGR ratio lower than 0.25, the effects of the recirculation of flue gas on the power output of the gas turbine are negligible. For values of FGR ratio higher than 0.25, the negative effects of the recirculation of the flue gas are more visible. Open Journal of Energy Efficiency Figure 11 . Effects of FGR ratio on the temperature of flue gas. Figure 12 . Turbine inlet temperature and combined plant efficiency [16] . Figure 13 . Effects of FGR ratio on the power generated by the gas Turbine. 
Simulation of the Effects of FGR Ratio on the Overall Efficiency of the Power Plant
Natural Gas Combined Cycle (NGCC) power generation is an energy conversion system of generating electric power that combines gas turbine power generation (CTG) with steam turbine power generation (STG). The thermodynamic power cycles can be categorized as gas cycles and steam cycles. Gas turbines operate using the principles of the Brayton cycle. The isentropic efficiency (η iso ) of the Brayton cycle can be expressed in terms of the temperatures and pressures entering (P 1 & T 1 ) and leaving (P 2 , T 2 ) the compressor:
where k is the specific heat ratio. Based on Equation (6), increasing the temperature of the stream leaving the compressor or increasing the pressure ratio will enhance the efficiency of the gas turbine. In this investigation, fresh air enters the compressor at design conditions of 15˚C and the temperature of the exhaust gas is limited to 1300˚C. Based on these operating conditions, the isentropic efficiency of the gas turbine is 0.82. This value was selected as the adiabatic efficiency of the gas turbine for the simulation of the natural gas combined cycle.
The corresponding power output of the gas turbine is 708. Based on Figure 14 , the thermal efficiency of the Rankine cycle with reheat is given by Equation (9):
The power produced by the three turbines is equal to 32. [19] . Open Journal of Energy Efficiency
The net output of the NGCC power plant without flue gas recirculation and with a FGR ratio equal to 0.42 are respectively 610.89 and 618.57 MW. Based on the Low heating value (LHV) of the natural gas, the overall efficiency of the power plant increased by 1.1% from 57.5% from to 58.2%.
Summary of the Simulation Results
First, the molar compositionS of the flue gas without recirculation and with a circulation ratio of 0.42 are compared in Table 3 . The molar composition of carbon dioxide and oxygen in the flue gas with a FGR ratio of 0.42 is close to the requirements of the composition of flue gas needed for an effective absorption of the CO 2 (CO 2 ≥ 10% and O 2 < 5%).
Secondly, the simulation results of the effects of the flue gas recirculation on the power input/output of the different equipment of the power plant are summarized in Table 4 .
Discussion and Conclusions
The first goal of this work was to simulate a natural gas combined cycle (NGCC)
power plant for a production of 620 MW of electricity. The needed mass flow rates of natural gas and ambient air with 100% excess air were estimated by preliminary calculations assuming complete combustion of the natural gas. Since natural gas-fired power plants with Carbon Capture and Storage (CCS) are expected to play a significant role in order to reduce carbon dioxide emissions from the power generation sector, the effects of flue gas recirculation on the concentrations of CO 2 and O 2 in the flue gas leaving the simulated power plant were investigated. The objective was to reach a molar percentage of CO 2 equal to 10%. Moreover, in order to reduce technical problems due to amine oxidative degradation, the molar percentage of O 2 in the flue gas should also be limited to 5%. The recirculated flue gas is added to the secondary air to be utilized as the dilution air for cooling the turbine. In this investigation, the optimum value of 0.42 was obtained from the change of the slope of the molar concentration of oxygen in the flue gas versus the FGR ratio ( Figure 5 ). Compared to the NGCC power plant without flue gas recirculation, the molar percentage of carbon dioxide in the flue gas increased from 5% to 9.2% and the molar percentage of oxygen decreased from 10.9% to 3.5%. The impacts of flue gas recirculation on the different energy inputs and outputs of the power plant were checked. As expected, it was observed that the flue gas recirculation ratio increases the energy needed for the compression of the recycled flue gas and decreases the energy consumption of the compressor of ambient air. The similarity between the two corresponding slopes (Figure 8 ) indicates that flue gas recirculation has no effects on the energy consumed by the compressors of the plant.
For the heat recovery steam generator (HRSG), the flue gas recirculation increased the heat available for the steam production by 3.1% ( Figure 9 ). These positive effects could be explained by the fact that flue gas has a specific mass heat capacity (1.124 kJ/kg•˚C) higher than the specific mass heat capacity of air (1.01 kJ/kg•˚C). In concordance with the increase of the heat available in the HRSG, the simulation results indicated that the steam cycle produced 4.2% more power than the steam power plant with no flue gas recirculation. On the other hand, flue gas recirculation had no effects on the energy consumption of the water pump of the steam cycle.
The metallurgical limitation of the gas turbine was fixed at 1300˚C in this investigation. The difference in the mass specific heat capacity between ambient air and flue gas was utilized to explain the cooling effects of the flue gas recirculation on the gas turbine. However, since the recirculated flue gas has a higher temperature (222˚C) than the compressed secondary air (190˚C), the cooling effects are very small and the gas turbine loses only 0.1% of its net power-output. The flue gas recirculation with a FGR ratio equal to 0.42 increased the net output of the power plant by 1.3% from 610.89 and 618.57 MW.
It can be conclude that: 1) the flue gas composition with a FGR ratio of 0.42 is suitable for an effective absorption of carbon dioxide by amine solutions and 2) based on the low heating value (LHV) of the natural gas, the overall efficiency of the power plant increased by 1.1% from 57.5% to 58.2% 3) the positive effects of the flue gas recirculation on the heat available in the heat recovery steam generator (HRSG) and the resulting electricity produced by the steam turbine gene-Open Journal of Energy Efficiency rator(STG) are more important than the negative effects (cooling) of the recirculated flue gas on the power output of the combustion turbine generator (CTG).
